Heart-rate variability patterns of 18 women during a 40-h constant routine of prolonged wakefulness under controlled laboratory conditions were analyzed. The authors tested the circadian timing of the autonomic nervous system and the relationship between the sympathetic and vagal branches in women with both a functional disorder of vascular regulation (main symptom: cold hands and feet) and prolonged sleep onset and controls without these symptoms. Spectral analysis of R-R intervals during paced breathing episodes revealed significantly lower power values in the high-frequency band (HF; 0.15-0.4 Hz) but not in the low-frequency band (LF; 0.04-0.15 Hz), leading to a significantly elevated LF/HF ratio in the former group. A significant circadian rhythm in LF power and heart rate occurred in both groups, and a significant correlation was found between sleepiness and sympathovagal balance (r = .53, p < .05). These findings indicate not only an autonomic imbalance in the first group compared with controls, but also two strategies of the autonomic nervous system to fight against fatigue in women. One implies circadian control and the other homeostatic control, and both are reflected by the LF/HF ratio.
INTRODUCTION
Women with symptoms of both primary vascular dysregulation (PVD) and difficulties initiating sleep (DIS) have a mismatched internal phase of entrainment (Vollenweider et al., 2008) . In these women, core body temperature and melatonin rhythms, validated markers of the internal clock, are phase-delayed compared with healthy controls (CON). The main physiological underpinning of PVD is the dysregulation of blood vessels. Under specific stimuli, such as cold, these individuals exhibit a contraction of acral vessels, which results in cold extremities (Flammer et al., 2001) . Given that the vasculature in the skin is controlled by the autonomic nervous system (ANS), the question arises as to whether women with PVD and DIS (WVD) display a different pattern in the parasympathetic and sympathetic balance underlying cardiac control.
Within the framework of cardiac autonomic activity, heart-rate variability (HRV) is a well-known tool that provides a window onto autonomic modulation of the heart through frequency domain parameters that can be used to accurately interpret sympathovagal balance (Narita et al., 2007; Pagani et al., 1986; Pomeranz et al., 1985 ; Task Force of the European Society of Cardiology and the North America Society of Pacing Electrophysiology, 1996) . Studies focusing on pharmacological interventions have revealed that blocking the muscarinic parasympathetic transmission can abolish frequency peaks around 0.12-0.4 Hz and reduce the peak at 0.04 Hz in the power spectrum of heart-rate (HR) fluctuations (Akselrod et al., 1981) . Beta-sympathetic blockade, combined with raised arterial pressure, increased the peak at around 0.04 Hz (Akselrod et al., 1981) . Taken together, this suggests that in HRV spectra the lowfrequency band (LF; 0.04-0.15 Hz) mirrors the influence of both sympathetic and parasympathetic activities, the high-frequency band (HF; 0.15-0.4 Hz) is associated with parasympathetic activity, and the LF/HF ratio is indicative of sympathovagal balance (Task Force of the European Society of Cardiology and the North America Society of Pacing Electrophysiology, 1996) .
However, there still is an open debate as to the functional significance of the very low frequency (VLF) band of HRV. The VLF band at 0.0033-0.04 Hz reflects even slower modulations of HR, and may represent the influence of the peripheral vasomotor and renin-angiotensin systems (Akselrod et al., 1981) . It is also likely that VLF power is influenced by thermal stimuli (Fleisher et al., 1996) . If this, indeed, is the case, one might expect for WVD to show differences to controls in this frequency domain.
Breathing plays a pivotal role on HRV output, particularly in the high-frequency domain. Respiration shows a circadian modulation with troughs of respiratory variables at 6-8 h before the core body temperature minimum (Spengler et al., 2000) . Furthermore, a higher power in the HF band occurs with increased respiratory rate, resulting in maximal power values for 12 breaths/min (Guzik et al., 2007) . Only under fixed-frequency breathing is it possible to make a clear distinction between LF and HF oscillations (Cooke et al., 1998) .
There is evidence of the clustering of cardiac events between 06:00 and 12:00 h in the morning (after habitual nocturnal sleep) in a subset of arrhythmic patients (Goldstein et al., 1996; Gupta & Shetty, 2005; Marsh et al., 1990; Muller, 1999) . Whereas the time course of HRV during a normal night's sleep is fairly well known, it remains controversial as to whether the endogenous circadian rhythmicity of the sympathetic and parasympathetic nervous systems exhibits a similar profile when people are sleep-deprived. Thus, we investigated the endogenous circadian rhythm of HRV parameters to examine how and in what direction the relationship between the sympathetic and vagal branches and/or the timing of the ANS between WVD and CON change during sleep deprivation under controlled constant-routine laboratory conditions.
MATERIALS AND METHODS

Subjects
Eighteen healthy women (9 CON and 9 WVD) were selected to have had no shiftwork within 3 months or transatlantic flight within 1 month prior to the study, no medication (including hormones) or drug abuse, and be nonsmokers. Further exclusion criteria were extreme morning or evening chronotypes, amenorrhea, or an irregular menstrual cycle. All volunteers were given questionnaires and a medical examination to determine physiological and psychological health. They completed a stringently controlled 40-h constant-routine (CR) protocol of prolonged wakefulness during the luteal phase. Chronotype was estimated using the morning-evening-type questionnaire of Torsvall and Åkerstedt (1980) . The experimental protocol was approved by the local ethical committee (Human Research Committee of the Department of Medicine, University of Basel) and conformed with the ethical standards of the journal (Portaluppi et al., 2008) . The main purpose and risks of the study were explained to the subjects before they gave their written consent. They could break off the experiment at any time. All subjects completed the study without any complaints.
Because there is strong body of evidence that acral skin temperature and skin temperature gradient are correlated with blood flow (House & Tipton, 2002; Rubinstein et al., 1990) or vasomotion (Severens et al., 2010) , the screening for CON or WVD was not only conducted using subjective information about thermal discomfort with cold extremities (TDC), but also by finger temperature. Difference in vasomotion between CON and WVD was confirmed by the measurement of the distal-proximal skin temperature gradient before the baseline night. Additionally finger nailfold video capillary microscopy for objective assessments was carried out (criteria: blood standstill for ≥12 s = women with PVD, <12 s = CON) (Emre et al., 2004; Gasser et al., 1991) . DIS was evaluated by questionnaires, as well as via polysomnography during a screening night.
Design and Procedure
Within the screening procedure each woman spent a night in the sleep laboratory to confirm that they were able to sleep in the laboratory and to document whether the electroencephalogram (EEG) and electrocardiogram (ECG) patterns were normal.
One week before the experimental protocol began, subjects were requested to maintain a sleep-wake cycle according to their habitual bedtime and to refrain from caffeine, alcohol, or extensive exercise (<5 h/wk). Subjects came to the laboratory 2 h before their habitual bedtime for an adaption night. They were prepared for sleep with ECG (V2, V5), EEG (C3,C4, Cz, Pz, Oz, Fz), EMG (chin), and electrooculogram (EOG; outer canthi) electrodes, as well as a rectal probe (polyoxymethylene probe: 2-mm diameter, copper-constantan, Interstar, Cham, Switzerland; Therm, type 5500-3, Ahlborn, Holzkirchen, Germany) and eight skin temperature probes (silver disk: 1-cm diameter, copper-constantan, model P224, Prof. Schwamm, Ahlborn; Therm type 5500-3, Ahlborn, Holzkirchen, Germany). After awakening the subjects on the following day, the time until start of the protocol was used to adjust them to the experimental dim light conditions (<8 lux). They were allowed to walk around the laboratory, but they had to wear sunglasses when walking out of the dimmed room to assure no strong light input.
Individual protocols started in the afternoon, 8 h before usual bedtime; the subsequent night was the baseline night followed by an adapted (Mills et al., 1978) 40-h CR protocol and a recovery night. Participants remained in dim-light conditions (<8 lux during wakefulness/0 lux during sleep) under a constant semirecumbent posture position in bed (head up not more than 45°during wakefulness/bed position 0°during sleep). Room temperature and relative humidity were kept constant at 22°C and 55%, respectively. Subjects were studied singly, insulated from external sound or time cues; isocaloric sandwiches and water were administered at hourly intervals; non-overly stimulating neuropsychological tests were carried out every 2 h; and saliva and selfratings of sleepiness (Karolinska Sleepiness Scale; KSS) were collected at half-hourly intervals. Blood pressure (BP) measurements were taken every hour (ambulatory blood pressure monitor; MOBIL-O-GRAPH ® Vers. 12; I.E.M., Stolberg, Germany).
In order to control breathing frequency, paced breathing (12 breaths/ min = 0.2 Hz) for a duration of 3 min (20 paced breathing episodes/40 h) was carried out every 2 h throughout the CR protocol. During the paced breathing episode, subjects were instructed to inhale and exhale naturally D. Anders et al. 1612 according to regularly 5-s auditory signals (spoken voice recorded and rendered via a computer mediaplayer; inhale:exhale = 2:3 s). Furthermore, each power spectrum was checked whether a peak in log power of HRV occurred at 0.2 Hz. During the breathing episodes, subjects carried out the Karolinska Drowsiness Test, where movements are forbidden.
Data Acquisition and Data Analysis
Standard Ag-AgCl surface electrodes were placed on V2 and V5 (modified precordial lead). ECG was recorded with the VITAPORT ambulatory system (Vitaport-3 digital recorder; TEMEC Instruments, Kerkrade, The Netherlands) with a sampling rate of 512 Hz. The raw signals were stored online on a Flash RAM card (Viking) and later downloaded off-line to a PC hard drive. A computerized system (System Hofstetter ® ; SHS Allschwil) was used to analyze the signals and detect the length of all R-R intervals over the entire 40-h CR, in particular for the 20 × 3-min paced breathing episodes. Each output was checked for plausibility by visual inspection. Obviously missing R-peak detections were replaced by interpolation of surrounding data, and all R-R peak durations <0.3 s and >1.8 s were eliminated. If the noise was low, this time duration was taken for further HRV analyses. HR was calculated as 1/median × 60 for all paced 3-min sequences.
Spectral analysis of all 3-min sequences of R-R intervals were performed by a fast Fourier transform algorithm tapered with a Parzen window, after equidistant resampling with 16 Hz. Data were bidirectionally smoothed by a low-pass filter with a cut-off frequency of 0.8 Hz. The power for VLF, LF, and HF was calculated by the power spectrum. The LF/HF ratio was taken as a measure for the balance of the ANS.
Rhythm analyses were performed separately for both groups with ChronosFit (Zuther et al., 2009) . This program combines a partial Fourier analysis and a stepwise regression technique. It fits the harmonics separately and carries out the F test for each. Afterwards the most significant harmonic is included in the model. Additionally, nonorthogonal spectral analysis was used to fit the data to a two-harmonic model without correlated noise (Brown & Czeisler, 1992) . Phases between 23 and 25 h were taken into account.
Statistics
Spectral power indices were logarithmically transformed to correct for a non-Gaussian distribution. The statistical packages Statview™ 5.0 (SAS Institute, Cary, NC, USA) and Statistica™ 6 for Windows (StatSoft, Tulsa, OK, USA) were used. Time-course analyses were performed using twoway analysis of variance (ANOVA) for repeated measures (rANOVA). The grouping factor was "group" (WVD versus CON), and the independent variable was the factor time. Following rANOVA, all p values were based on Huyhn-Feldt-corrected degrees of freedom (reported are original degrees of freedom). Fisher's protected least-significant differences procedure with alpha-correction for multiple comparisons (Curran-Everett, 2000) were calculated for post-hoc comparisons. For statistical analyses between WVD and CON without an a priori hypothesis, the threshold for alpha-errors was set at p < .05 (two-sided). The Mann-Whitney U test was used to reveal significant differences between WVD and CON.
Linear regression analysis for comparing slopes of BP and HF power was performed. To examine the correlation of KSS values and log LF/ HF ratio, data were pooled. A multiple linear regression analysis with repeated measures was accomplished. The between-subject differences were taken into account using dummy-coded subjects as forced variables in the model (Slinker & Glantz, 2008) . SigmaPlot ® (Systat Software, Chicago, IL, USA) was used for graphics, whereby values are presented as means ± standard errors (SE).
RESULTS
Demographic Data and Physiological Characteristics
Groups were matched for age, body mass index, and chronotype ( p > .1; Table 1 ). WVD had objectively measured significantly lower finger temperatures than CON (28.5°C ± 0.99°C versus 32.83°C ± 0.49°C; p < .05) and prolonged sleep onset (self-rated: 31.59 ± 4.46 versus 15.02 ± 3.27 min; PSG: 37.41 ± 10.47 versus 10.04 ± 1.14 min; p < .05). Distal-proximal skin temperature gradient was significantly decreased in WVD compared to CON (mean of 8 h before baseline night: -3.08°C ± 0.37°C versus -1.87°C ± 0.24°C; p < .05).
Heart Rate and Heart-Rate Variability
In Figure 1 spectral analysis data are shown for all frequency bands. In WVD, paced breathing data revealed significantly lower log power Values are means ± SE. WVD = women with both primary vascular dysregulation and difficulties initiating sleep; CON = controls; BMI = body mass index.
values, especially in HF, but not in LF or VLF (except frequency band at 0.0056 and 0.0444 Hz), with a breathing peak at 0.2 Hz.
The time course of the HR and HRV parameters over the whole CR are shown in Figure 2 . Significant differences between WVD and CON occurred in the HF band and the ratio of LF/HF. A tendency towards differences was found in the VLF band. The factor time was significantly different for HR, LF band, HF band, and LF/HF ratio. No significant interaction term between WVD/CON and time-of-day was found in HR or any HRV frequency band (Table 2) . HR seems to be higher on the second day of the 40-h CR, but this could be ruled out by rANOVA comparing the first day of the CR (D1) with the second day of the CR (D2; p = .13). HR falls in the subjective night (sN) by about 6 bpm in CON and 3 bpm in WVD (peak of group values of D1 to trough of group values of sN).
Blood Pressure
The time course of systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure (MAP), and the difference of SBP and DBP are plotted over the 40-h CR in Figure 3 . The factor time was FIGURE 1 Power spectrum of heart rate variability. Data were averaged per constant-routine episode for each subject before averaging across subjects (log mean ± SE, N = 9 each group; black line = CON; grey line = WVD). Horizontal black bars represent significant differences between WVD and CON ( p < .05; open bars, p < .1). The very low frequency (VLF) band includes frequencies between 0.0033 and 0.04 Hz, the low-frequency (LF) band frequencies between 0.04 and 0.15 Hz, and the high-frequency (HF) band frequencies between 0.15 and 0.4 Hz. significantly different for DBP, but no significant difference in group or interaction term between WVD/CON and time-of-day was found in any BP variable (Table 3) .
Rhythm Analysis
A pooled rhythm analysis was performed due to the fact that no significant interaction term between group and time occurred in any parameter (Figure 4) .
ANOVA for the factor time revealed significance for HR, LF band, HF band, and LF/HF ratio. Within the paced breathing protocol, a circadian rhythm was observed in each of these parameters, except for the HF band (Table 4 ). The circadian rhythm of the mean HR shows a trough during the middle of sN, between 19.41 and 22.29 h after CR start. A broad maximum is seen in the afternoon. Maxima for circadian HRV parameters occur in the latter part of sN, and minima are located in the late evening.
Not all subjects had a significant amplitude for the rhythm analysis and thus no circadian rhythm, but the mean of the fitted minima and maxima of individual CRs with significant amplitude after rhythm analyses are located in the similar time period. No significant circadian rhythm, but significance over time occurred in the HF band. The pooled data of CON and WVD exhibit in the HF band a linear trend over time ( p < .05, F = 12.55, df = 1, 16). Despite the fact that log ratio of LF/HF exhibited a circadian rhythm, the same linear trend is evident ( p < .05, F = 30.92, df = 1, 16).
ANOVA for factor time revealed significance only for DBP. No nocturnal decline in BP was seen as found during sleep, but a linear trend with increasing slope for DBP was detected (p < .05, F = 9.04, df = 1, 14). Two-way rANOVAs with factors group (CON versus WVD) and time (20 paced breathing episodes during CR) are shown for heart rate (HR), very low frequency power (VLF), low-frequency power (LF), high-frequency power (HF), and the sympathovagal balance (LF/HF).
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DISCUSSION
The present study is the first to examine differences in the ANS modulation of the heart between WVD and CON using HRV analysis. In order to control for interfering factors that might affect HRV, short-term (3-min) ECG recordings were performed during the Karolinska 
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Chronobiol Int Downloaded from informahealthcare.com by Medizinbibliothek im Kantonsspital on 09/24/10 Drowsiness Test (Akerstedt & Gillberg, 1990 ) during a 40-h CR protocol of prolonged wakefulness. Using this protocol, environmental and physical conditions were kept constant and emotional as well as sensory stimuli were reduced to a minimum.
The key finding of this study is that HRV spectral analysis revealed specific differences between CON and WVD. During the course of the 40 h of wakefulness, WVD exhibited lower HF power and higher sympathovagal balance (LF/HF), with no differences in LF power, HR, and BP parameters. In addition, significant circadian patterns were found selectively in HR and LF power; HR, as previously found (Kräuchi & Wirz-Justice, 1994) , was attenuated, and LF power increased during the subjective night. Interestingly, these circadian variations did not differ between CON and WVD. BP (SBP, DBP, and MAP) did not show any circadian variation. However, over the 40 h of prolonged wakefulness, a linear decrease occurred in the vagal branch of the ANS, and conversely DBP increased in a linear manner. The correlation between sleepiness and sympathovagal balance, which implies active regulation of the ANS against fatigue, is remarkable.
What are the theoretical underpinnings that can account for these specific group differences? WVD subjects were selected on the basis of thermal discomfort with cold extremities (TDC) and difficulties initiating sleep (DIS). Therefore, first it is discussed if TDC influences HRV and second the relationship between DIS and HRV. Finally, the circadian modulation of HRV and changes with increased elapsed time awake and supine position are considered.
How Does TDC Impact on HRV?
Several studies indicate that the thermal discomfort induced by cool environmental stimuli leads to changes in the HRV pattern Nagashima et al., 2002; Yao et al., 2008) . Vasoconstriction due to cool ambient temperature is mainly initiated from efferent skin 
Two-way rANOVAs with factors group (CON versus WVD) and time (39 timepoints during CR) for systolic blood pressure (SBP), diastolic blood pressure (DBP), mean arterial pressure (MAP), and pulse pressure (SBP − DBP).
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Chronobiol Int Downloaded from informahealthcare.com by Medizinbibliothek im Kantonsspital on 09/24/10 sympathetic nerve activity resulting in a higher LF/HF ratio Yao et al., 2008) . Similarly, WVD in the present sample exhibit a higher LF/HF ratio compared to CON. Ambulatory and controlled laboratory studies have shown that WVD exhibit not only TDC, but also FIGURE 4 Time course of heart rate variables and sleepiness (pooled data, N = 18) during constant-routine (CR) with 40 h of prolonged wakefulness. D1 = first day of CR; sN = subjective night (grey bar); D2 = second day of CR. From top to bottom: heart rate, log-transformed power of very low frequency (VLF), low-frequency (LF), and high-frequency (HF) bands, LF/HF ratio, and subjective ratings of sleepiness on the Karolinska sleepiness scale (KSS; mean ± SE).
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objectively measured lower distal skin temperatures (Gompper, 2007; Vollenweider et al., 2008) . Thus, from a thermophysiological point of view, WVD live under a more vasoconstricted state in distal skin regions, which could be directly related to the higher sympathovagal balance.
Diminished perfusion of the distal vasculature in WVD leads to a proximal centralization of blood volume. Therefore, heat content remains in the body core (proximal skin temperature and core body temperature are elevated in WVD compared to CON; recalculation of published data in Vollenweider et al., 2008) . After bathing in warm water (39°C), HF power decreases in CON (Kräuchi, unpublished data) . Other studies have also shown attenuation of vagal activity when body heat content was elevated (Brenner et al., 1997; Bruce-Low et al., 2006) . Thus, one might argue that changes in WVD thermoregulatory activity is associated with withdrawal of the vagal branch of the ANS.
An additional link between TDC and a different HRV pattern in WVD could evolve from a psychological point of view. Many emotional disorders (related to anxiety, fear, suppressed anger, panic, etc.) have been associated with a reduction in HF power (Alvarenga et al., 2008; Bleil et al., 2008; Cohen et al., 2000; Friedman & Thayer, 1998a , 1998b Johnsen et al., 2003; Klein et al., 1995; Marci et al., 2007; Ottaviani et al., 2009) . A recently published study shows that a selective suppression of experienced anger was associated with TDC and increased sleep onset latency in women (Von Arb et al., 2009 ). Both TDC and increased sleep onset latency were part of the inclusion criteria for WVD in the present study as well. Although anger suppression was not measured in the present sample, it might explain the relationship between psychological conditions and HRV. Therefore, prospective studies are needed to show whether anger suppression can explain the reduced HF power in WVD. The table includes fitted maxima and minima of averaged data with 95% confidence intervals (CIs; hours after constant routine start), subjects with a significant amplitude, and averaged fitted maxima and minima of individual curves with standard error of the mean (SE) for heart rate (HR), lowfrequency power (LF), high-frequency power (HF), and the sympathovagal balance (LF/HF). No significant (n.s.) amplitude for HF could be observed.
What is the Role of DIS on HRV?
TDC in WVD seems to contribute to the decrease in the HF band, but does DIS also have an impact on HRV spectrum? DIS is one of the Diagnostic and Statistical Manual of Mental Disorders Fourth Edition (DSM-IV) criteria for primary insomnia. Insomniacs with higher physiological arousal have-at least during sleep-an increased sympathetic activity and their vagal tone is decreased (Bonnet & Arand, 1998; Vgontzas et al., 1998) . However, a recent CR study showed no significant differences in HRV during wakefulness between insomniacs and matched healthy sleepers (Varkevisser et al., 2005) . WVD exhibit selective DIS, but they do not, as insomniacs do, have problems maintaining sleep; nor do they manifest premature morning awakenings with a resultant reduced total sleep time and daytime sleepiness (Kräuchi et al., 2005) . WVD do not show higher hypothalamic-pituitary-adrenal (HPA) axis activity (same basal cortisol level; Kräuchi unpublished data) as often found in patients with insomnia (Buckley & Schatzberg, 2005) . Therefore, a direct effect of DIS on HRV pattern seems rather unlikely.
From a chronobiological viewpoint, WVD exhibit differences in phase of entrainment. Their sleep-wake cycle does not differ from CON, but the circadian system is significantly phase-delayed (Vollenweider et al., 2008) . A different phase angle leads to chronic circadian misalignment, which could lead to cardiovascular dysfunction-as found in shiftworkers (Boggild & Knutsson, 1999) . A recent controlled laboratory study simulated the effect of circadian misalignment on the physiological pattern, but found no decrease in the HF band (Scheer et al., 2009) . A short-term circadian misalignment may be quite different from chronic circadian misalignment as in our subjects.
What Impact Does Time Have on HRV-Does a Circadian Rhythm Exist?
Paced-breathing HRV data revealed a linear decrease of vagal activity and a linear increase of sympathovagal balance with elapsed time awake and elapsed time lying in bed. Contradictory findings have been reported for these variables. In some studies with prolonged wakefulness, the output for the vagal branch of the ANS exhibited no decrease (Burgess et al., 1997; Holmes et al., 2002; Vandewalle et al., 2007) , whereas other studies revealed an increase (Van Eekelen et al., 2004) or a decrease in vagal activity (Zhong et al., 2005) . These different findings could be due to different protocols, such as different duration of time awake, controlled posture or not, or different parameters used for measuring activity of the vagal branch of the ANS. Our data follow those of Zhong et al. (2005) , since in protocols where sleep was allowed and subjects were not allowed to get up, no withdrawal of the vagal branch (Burgess et al., 1997; Kräuchi et al., 2000) or increase of sympathovagal balance could be established over time (Kräuchi et al., 2000) . Thus, recumbency, per se, has no effect on vagal attenuation or of LF/HF ratio elevation. Taken together, our results support the hypothesis that vagal activity is responsive to homeostatic sleep pressure and additionally that sleep seems to be crucial for the regeneration of vagal activity and, hence, for a reduction of sympathovagal balance.
Our results are in accordance with other CR studies (Kerkhof et al., 1998; Van Dongen et al., 2001 ) with respect to the lack of day/night variations in BP during sustained wakefulness. Additionally, we also found a slight increase in DBP over time, which had never been previously reported. A higher DBP indicates a less than maximal dilatation of the arteries, which in turn could be in concert with the withdrawal of HF power over time (regression analysis: slopes of DBP versus HF power, r = −.55, p < .05; N = 9 pairs). BP regulation encompasses the interplay between the central nervous system (CNS), vasoactive molecules, baroreceptor sensitivity, HPA axis activity, and the ANS. Every factor has its own rhythmicity and individual sensitivity (Portaluppi & Smolensky, 2001) . Additionally, sleep has a profound influence on blood pressure. To what extent microsleep occurred in our subjects was not measured.
Breathing rates may provide the underlying reason for the nonexistent circadian rhythm in HF power, which is in contrast to other studies (Burgess et al., 1997; Hilton et al., 2000; Vandewalle et al., 2007; Van Eekelen et al., 2004) , particularly when one considers that these rates were the most apparent difference between this and the other study protocols. If breathing is not paced, the rhythmicity of HF power might be due to the circadian rhythm in respiratory control. In fact, the circadian rhythm in respiratory control without sleep is known (Spengler et al., 2000) . If paced breathing is applied, respiration rate should be the same at all timepoints, which could abolish the circadian rhythmicity in HF power during prolonged wakefulness. Another distinction between this and the other studies is sex of the subjects. To our knowledge, this is the first study in which all subjects were women and assessed during their luteal phase under CR conditions. It is known that women exhibit a different HRV pattern than men (Antelmi et al., 2004; Bonnemeier et al., 2003; John, 2007; Liao et al., 1995; Umetani et al., 1998) , that the HRV pattern differs according to the hormonal cycle (Bai et al., 2009; Sato et al., 1995) , and that women live under higher sleep pressure than men (Birchler-Pedross et al., 2009) , which all might explain the linear decrease in HF power over time.
A circadian rhythm was found for LF power. To our knowledge only one study has previously analyzed the LF component of the HRV spectrum with respect to circadian variations in a constant-routine setting, and it also found a significant endogenous circadian rhythm (Vandewalle et al., 2007) .
Due to the correlated curves for sleepiness and LF/HF ratio (r = .53, p < .05, F = 7.29; N = 18), one might argue that the ANS regulates against fatigue by an elevated sympathetic branch of the ANS during the night, when sleepiness is highest, seen in elevated LF power and a decrease in the vagal branch of the ANS during sN and on D2. This finding provides evidence that a CR protocol not only unmasks circadian patterns, such as core body temperature, but also induces masking effects on the ANS.
Limitations
Paced breathing occurred every 2 h over the CR protocol; therefore, HRV values were analyzed for the same timepoints. In contrast, BP was measured by the cuff method, using a standard sphygmomanometer every hour, not permitting analysis of the BP variability (BPV) for a direct sympathetic influence. In order to estimate the relationship between skin blood flow and activity of the vagal and the sympathetic branches of the ANS in a more conclusive way, different measurements have to be additionally considered in future studies, e.g., BPV, laser Doppler flowmetry, and peripheral arterial tonometry. Respiratory volume was not measured; however, rhythms in the cardiovascular system were comparable with and without control of tidal volume (Cooke et al., 1998) . One of the programs used for circadian phase estimation has been validated only for core body temperature or melatonin. To underpin the phases of the HR and HRV indices, a second program with a slightly different approach was used as well. Due to the relative small number of subjects, a larger sample is needed to confirm present data.
CONCLUSION
WVD manifest lower vagal activity and higher sympathovagal balance. The circadian rhythm of LF power showed a peak during the late night, which suggests that heart activity starts increasing prior to habitual awakening. This finding is seemingly related to the 24-h pattern of cardiac events, which occur most often immediately after awakening. However, reduced vagal and increased sympathovagal balance in WVD indicate an adverse physical constellation, which could be related to myocardial ischemia (Sroka, 2004) and to a higher predisposition for the development of coronary artery disease (Schwartz et al., 1992) . Recent studies have shown that VLF is a predictor for myocardial ischemia as well (Bigger et al., 1992; Quintana et al., 1997) . This parameter was slightly reduced in WVD. Taken together, WVD might be at a higher risk of developing heart failure due to an autonomic imbalance. Additionally the ANS in women seems to follow two strategies to fight against sleepiness. One is based on circadian control, the other based on homeostatic control, and both are reflected by the sympathovagal balance.
